, related to Figure 1. Pharmacokinetic analysis of NButGT content in the blood following a 50 mgkg -1 IV injection of the inhibitor Following delivery of the inhibitor, 200 L blood samples were taken at various times and spun to collect the plasma. Levels of the inhibitor in the blood were determined by enzyme inhibition assays in conjunction with generation of standard curve for NButGT in the plasma.
(circles). Eight control animals were treated identically except no inhibitor was added to their food (squares). Parameters measured were: (A) body weight, (B) resting blood glucose levels, (C) daily food consumption, and (D) daily water consumption as a function of body weight. No differences in any of the parameters are observed between the two groups. (E-H) Additional statistics from the long-term study of SD rats treated with NButGT does not reveal any differences from prolonged elevations in O-GlcNAc-modified proteins. Levels of (E) triglycerides, (F) free fatty acids, and (G) leptin from the serum of rats treated with NButGT for eight months (+) (n=6) compared to control animals of the same age and weight (-) (n=6). (H) Organs weights from the rats treated with NButGT for eight months (+) (n=6) compared to control animals of the same age and weight (-) (n=6). Error bars are expressed as +/-one standard deviation. NButGT. Densitometry (lower panels) reveal that, in all cases, levels of OGT are not perturbed whereas there is 2-3 fold higher levels of OGA in treated animals (* represents a statistical significance of p < 0.05 determined using a t-test). (M,N) Prolonged increases in O-GlcNAc-modified proteins does not perturb -islet morphology, number or insulin content. (M) Following the long-term study, treated (+) and control (-) animals were perfused and analyzed by immunohistochemistry with anti-O-GlcNAc, anti-insulin, DAPI. Data is representative of two animals per group with 18 sections per animal that contained, on average, 12 islets per section. Scale bar: 100 m at 200x magnification. (N) Pancreatic sections of animals treated with (+) or without (-) NButGT for eight months stained with hematoxylin shows no differences in -cell morphology. Highlighted area represents an islet. Data is representative of two animals per group and four sections per animal. Scale bar: 200 m at 100x magnification.
SUPPLEMENTAL DISCUSSION
It is prudent to consider what may account for the apparent differences between this study and previous reports making use of genetic methods to overexpress OGT. Below is a detailed discussion on several scenarios that may account for the different effects between inhibition of OGA and overexpression of OGT on glucohomeostasis. These considerations should serve to guide future experiments that may provide insight into the biological roles of O-GlcNAc and/or OGT.
1) Increases in global O-GlcNAc levels result in increased hepatic glucose output.
The primary aim of all of the studies described above was to address the effect of elevated O-GlcNAc levels on glucohomeostasis as a whole. The glucose tolerance test and hyperinsulemic-euglycemic clamp are primarily measures of glucose uptake in muscle and fat tissue and so insulin sensitivity in hepatic tissue was not directly measured in these studies. In particular, the hyperinsulemic-euglycemic clamp carried out after the 2-week dosing study used a dose of insulin known to completely suppress HGO (Rossetti and Giaccari, 1990) . This was done intentionally to isolate our measurements on the insulin sensitivity of peripheral tissues. On the other hand, the clamp carried out following the long-term 8-month study used a lower dose of insulin. It cannot be concluded, therefore, that HGO was unaffected by NButGT treatment in the long-term study, albeit the lack of difference observed in resting blood glucose levels between groups in any of the experimental paradigms tested does suggest that HGO is unaffected. Further support for a lack of insulin resistance in the liver is that NButGT did not perturb activation of three key signaling molecules (IRS-1, Akt, and FoxO1) in the insulin signaling cascade ( Figure 3A) . In contrast to the results presented here, decreased insulin sensitivity in the liver and the resulting increased HGO was concluded to be the primary reason for the perturbed glucohomeostasis observed in studies overexpressing OGT in the liver of mice (Dentin et al., 2008; Yang et al., 2008) . Experiments carried out in isolated hepatocytes which compare the effect of OGT overexpression and NButGT on glucose output will be useful to unambiguously clarify this issue.
2) Since O-GlcNAc is a dynamic post-translational modification, the rate at which cycling occurs, rather than the levels of the modification, could be the determinant mediating insulin resistance and disruptions in glucohomeostasis. Supporting this hypothesis are studies carried in which the genes encoding OGT and OGA are deleted in C. elegans (Forsythe et al., 2006; Hanover et al., 2005) . These knockouts are viable but do exhibit defects in dauer larva formation. As induction of dauer formation in nematodes is governed by insulin-like signaling pathways (Fielenbach and Antebi, 2008) , the authors of these two papers argued that the observed results relate to insulin signaling in mammals. In our studies, cycling should be slowed by treatment with the OGA inhibitor. Interestingly, many studies making use of overexpression of OGT in animals, which results in insulin resistance or perturbed glucose homeostasis, may have increased cycling rates due to the increased levels of OGT. Nevertheless, a clear molecular mechanism that translates cycling rates to changes in cellular physiology has not been proposed. Experiments comparing O-GlcNAc cycling rates on proteins of interest in control cells, cells overexpressing OGT, or treated with an OGA inhibitor is an intriguing line of research and may provide insight if this is a possibility for the discrepancy. Accessing this information experimentally, however, will be technically challenging.
3) The use of NButGT may not result in certain key proteins involved in nutrient sensing becoming more heavily modified as may happen during prolonged hyperglycemic conditions or when OGT is overexpressed.
One scenario that could potentially bring about this effect is if OGT had access to a cellular compartment or location where OGA was not present under any circumstances. In this way, overexpression of OGT could increase O-GlcNAc levels on certain proteins while an OGA inhibitor would have no effect on levels of O-GlcNAc on these proteins. However, the cellular distribution of OGA (Comtesse et al., 2001; Wells et al., 2002; Zeidan et al., 2010) appears to be as broad as OGT (Kreppel et al., 1997; Lubas et al., 1997) and therefore no clear experimental evidence currently supports this scenario. So long as OGA has access to all O-GlcNAc-modified proteins, NButGT should elevate OGlcNAc levels globally throughout the cell since competitive inhibition of OGA should not impact the function of OGT, which continues to modify proteins (Macauley and Vocadlo, 2010) . Although this possibility cannot be ruled out, we investigated the OGlcNAc modification state of Sp1 ( Figures 4H,5F ), a key transcription factor regulating expression of multiple genes involved in glucohomeostasis whose O-GlcNAc modification state has been suggested to alter its function (Yang et al., 2001) . We find that Sp1 glycosylation is significantly increased in both short and long-term studies yet no signs of insulin resistance or disruptions in glucohomeostasis were observed.
4) Overexpression of OGT results in secondary effects that are independent of elevated O-GlcNAc levels.
One concern with using genetic methods is that it remains to be established if, in addition to the catalytic role of OGT, this enzyme also has additional non-catalytic roles. Given that OGT interacts with many protein partners Fujiki et al., 2009; Housley et al., 2009; Iyer et al., 2003; Marz et al., 2006; Nimura et al., 2009; Slawson et al., 2008) and is found in several large protein complexes (Fujiki et al., 2009; Slawson et al., 2008) , overexpression could disrupt and/or introduce proteinprotein interactions within cells. Furthermore, OGT has very recently been identified, by two independent teams, as a member of the polycomb group family (PcG) of proteins (Gambetta et al., 2009; Sinclair et al., 2009 ), which play a key role in repressing expression of many genes. OGT was also recently shown to activate the histone methyltransferase MLL5 (Fujiki et al., 2009) ; OGT is therefore an important player in the regulation of gene expression. In light of these observations, the possibility exists that overexpression of OGT within cells may have secondary effects arising from altering expression of enzymes involved in gluconeogenesis, as observed by others (Dentin et al., 2008; Housley et al., 2008; Yang et al., 2008) , or by modulation of other cellular processes in which OGT plays an important role through protein-protein interactions. It is notable that Takahashi et al. showed that rats treated daily for two years with a high dose of N-acetylglucosamine (2.5 gmg -1 day -1 ) did not exhibit elevated resting blood glucose levels (Takahashi et al., 2009) . As exogenous N-acetylglucosamine increases cellular UDP-GlcNAc levels (Boehmelt et al., 2000) , and OGT activity has been reported to vary over a broad range of UDP-GlcNAc levels (Kreppel and Hart, 1999) , rats dosed with very high doses of N-acetylglucosamine are likely to have increased OGT activity and OGlcNAc levels. It is therefore reasonable that overexpression of OGT and inhibition of OGA give rise to different physiological effects as has been observed for other enzyme classes, most notably kinases (Knight and Shokat, 2007) . Studies making use of inactive site-directed mutants of OGT (Clarke et al., 2008; Martinez-Fleites et al., 2008) may provide valuable insight into this issue and clarify the role of the OGT protein itself.
SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Synthesis of NButGT
General -Synthetic reactions were monitored by thin layer chromatography (TLC) using Merck Kieselgel 60 F254 aluminum-backed sheets. Compounds were detected on TLC using UV light and charring with 2 M H 2 SO 4 in ethanol and heating. Silica gel (230-400 mesh, Merck Kieselgel) flash column chromatography was carried out under a positive pressure with the specified eluants. 1 H NMR spectra were recorded on a Varian AS500 Unity Innova spectrometer at 500 MHz.
Chemical Synthesis of NButGT -Large quantities of NButGT were required for these studies (approximately 500 g in total). Optimization of the synthesis for successful large scale preparation of the inhibitor was required. A total of 6 steps is required to prepare NButGT from D-glucosamine, however, a commercially intermediate (1,3,4,6-tetra-Oacetyl-2-amino-2-deoxy--D-glucopyranose hydrochloride), obtained from CarboSynth, allowed NButGT to be prepared in three steps. The details of the chemical synthesis are described below. NButGT was verified to be >99% pure as determined by 1 H NMR spectroscopy and a representative spectra is shown in Figure S2 . Synthesis of 1,3,4,6-tetra-O-acetyl-2-deoxy-2-butyrylamido--D-glucopyranose -1,3,4 ,6-tetra-O-acetyl-2-amino-2-deoxy--D-glucopyranose hydrochloride (200 g, 1 eq., 0.516 mol, CarboSynth) was added to 500 mL of DCM and cooled to 4 C using a large ice bath. Trietheylamine (160 mL, 2.2 eq., 1.13 mol) was added, followed by the slow addition of butyryl chloride (60 mL, 1.1 eq., 0.567 mol). After one hr, a time when the reaction had gone to completion as judged by TLC, the reaction mixture was transferred into a large separatory funnel and washed twice with sodium bicarbonate, twice with water, and once with brine. The organic layer was dried with MgSO 4 for two min and then filtered. Following vacuum evaporation of the mixture to one quarter of the original volume, the product was crystallized by the slow addition of hexane. The product was filtered and dried overnight in the atmosphere on absorbent filter paper in a fume hood. The yield was typically > 90% for this step. Characterization of the desired product has been reported previously (Macauley et al., 2005) .
Synthesis of 3,4,6-tri-O-acetyl-1,2-dideoxy-2-propyl--D-glucopyranoso-[2,1-d]-2
thiazoline -1,3,4,6-tetra-O-acetyl-2-deoxy-2-butyrylamido--D-glucopyranose (100 g, 1 eq., 0.248 mol) was added to 400 mL of dry toluene. Lawesson's reagent (60 g, 0.6 eq., 0.149 mol) was added and the reaction was stirred and heated to 80 C for two hr in an oil bath. Typically, TLC analysis of the reaction mixture revealed that the product had completely disappeared within two hr; however, in instances where it had not, more Lawesson's reagent was added and the reaction was allowed to proceed for another hr. Following completion of the reaction, the solution was cooled to room temperature and poured on top of 1 kg of pre-washed silica in a large (15 cm diameter, 3 L volume) sintered glass filter funnel. The silica was washed with 12 L of toluene to remove Lawesson's reagent by-products. In this solvent system, the desired compound did not move through the silica. The eluent was then switched to ethyl acetate/hexanes in a 1:4 ratio. Using this solvent system, the desired product did not elute from the silica after using 12 L, whereas additional highly non-polar reaction by-products were removed by this wash. The solvent system was then switched to ethyl acetate/hexanes in a 1:1 ratio and the desired compound eluted in approximately 16 L. After vacuum evaporation of the solvent, an oil was left that was slightly yellow. Based on previous analytical samples, the faint yellow colouration of the material was due to the presence of unidentified contaminants. By NMR, the desired product accounted for > 95 % of the material but it could not be recrystallized even if it was further purified. This material was used in the next step without further purification. The yield for this step was typically in the range of 60-75% after the chromatography. Characterization of the desired product has been reported previously (Macauley et al., 2005) .
Synthesis of 1,2-dideoxy-2-propyl--D-glucopyranoso-[2,1-d]-2-thiazoline -3,4,6-tri-O-acetyl-1,2-dideoxy-2-propyl--D-glucopyranoso-[2,1-d]-2
-thiazoline (50 g) was added to 400 mL of dry methanol and stirred at room temperature. Sodium methoxide was added until the solution was basic (pH > 10). The pH of the solution was monitored closely over the course of the reaction to ensure this basicity was maintained. Typically, after 30 min the reaction was judged to be complete by TLC analysis. Acetic acid diluted 1:20 into methanol was used to carefully neutralize the reaction. At this point, the product could be crystallized by the addition of ethyl acetate. Although the product appeared clean by TLC analysis, NMR spectroscopy revealed a small amount of an unidentified contaminant that was likely carried over from the starting material. Therefore, rather than immediate crystallization, the contaminant was removed by chromatography. To do so, the reaction was first concentrated by vacuum evaporation to a minimal volume ( 20 mL) then diluted ten-fold into ethyl acetate. Dilution had to be done slowly and carefully to avoid rapid crystallization and crashing out of the desired material. This solution was added to 1 kg of pre-washed silica and then the column was washed using ethyl acetate/methanol in a 1:20 ratio. Using this solvent system, the product was retained on the silica but the yellowish contaminant eluted. The desired product was then eluted from the column using a solvent system of ethyl acetate/methanol in a 1:5 ratio in approximately 10 L. The eluent containing the desired product was concentrated by vacuum evaporation. During concentration, the product began to crystallize after the amount of remaining solvent was less 500 mL. Once crystallization started, evaporation was stopped, the flask was placed in a refrigerator, and the material was allowed to fully crystallize over a period of several hr at 4 C. The desired product formed fluffy white crystals that were filtered and washed with ethyl acetate. The mother liquor was concentrated and recrystallized to increase the recovered of the product. The product was dried overnight in regular atmosphere on absorbent filter paper in a fume hood and then dried under a vacuum for two hr. The yield for this final step ranged from 50 to 75 % of isolated material following column chromatography and crystallization.
Western Blotting
Samples were separated by SDS-PAGE (10% gels), transferred to nitrocellulose membrane (Bio-Rad), blocked for one hour at room temperature (RT) with 1% bovine serum albumin (BSA) (Bioshop) in PBS containing 0.1% Tween-20 (Sigma) (PBS-T) and then subsequently probed with the appropriate primary antibody delivered in 1% BSA in PBS-T for overnight at 4 ºC. Membranes were then extensively washed with PBS-T, blocked again for 30 minutes with 1% BSA in PBS-T at RT and then probed with the appropriate HRP conjugated secondary antibody for one hr at RT delivered in 1% BSA in PBS-T. Finally, the membranes were washed extensively and then developed with SuperSignal West Pico Chemiluminesence substrate (Pierce).
Immunoprecipitation
Tissues were homogenized by manual grinding into a fine powder followed and homogenized (100 mg/ml) in cell lysis buffer (50 mM NaH 2 PO 4 , 150 mM NaCl, 0.5% NP-40, protease inhibitor tablet (Roche), 1 mM EDTA, and 1 mM NButGT, pH 7.4) using a tissue homogenizer (T-18 Ultra-Turrax). 100 mg of the ground tissue was dissolved in 2 ml of homogenization buffer. Insoluble cell debris was removed by centrifugation at 17,900 rcf for 20 minutes. Clear homogenates (400 L) were added to Protein A/G -Agarose beads (40 L) (Calbiochem) that had 5 l of -Sp1 pre-bound. The combined lysates and beads were rocked at 4 C for two hours and these washed four times with lysis buffer. Immunoprecipitates were eluted by boiling in 100 L of 1X SDS-PAGE loading buffer for five minutes. O-GlcNAc levels on Sp1 were detected using the O-GlcNAc antibody RL2 (Abcam).
Pharmacokinetic analysis of the NButGT in the blood
A male Sprague-Dawley rat six-weeks of age was given a 50 mgkg -1 tail vein injection of NButGT. A various times, 200 L of blood was collected, allowed to clot for 30 minutes at room temperature and then centrifuged at 2000 x g to isolate the serum. The serum was stored at -20 C until further use. NButGT concentration in the serum samples was measured using an enzyme inhibition assay. First, serum obtained from the animal several hours prior to the experiment was spiked to various concentrations of NButGT. A small aliquot of this was added to an enzymatic assay consisting of 500 M pNP-GlcNAc and 100 nM O-GlcNAcase in PBS (pH 7.4) and the reaction was monitored continuously in a spectrophotometer at 400 nM. Serum alone did not produce a significant rate, nor did it inhibit O-GlcNAcase. A K I value was derived from a Dixon plot and this line was used as a standard curve. Serum from the animal following its injection of NButGT was then analyzed by the same enzyme assay and concentrations of the inhibitor present in each sample were derived from the standard curve. When necessary, dilutions of the serum were done in serum void of inhibitor. Values for inhibitor concentration were plotted versus time and fit to a single exponential equation using GraFit.
Determination of free fatty acid, triglyceride, insulin, and leptin levels Prior to the hyperinsulemic-euglycemic clamp, a blood sample was taken from animals treated for eight months with NButGT and control animals. Upon isolation of the serum, samples were stored at -20 C under further use. Free fatty acid and triglyceride content in the plasma was determined using the appropriate kits (Sigma). Leptin levels were quantified using an ELISA (Crystal Chem). Insulin levels in the serum were quantified with an ELISA (Alpco).
Preparation of rat tissues for immunohistochemistry
Experimental and control rats were sacrificed by using CO 2 , perfused transcardially with 60ml 0.1M PBS (pH 7.4) followed by 60 mL 4% (w/v) paraformaldehyde (PFA, pH 7.4). Pancreases were dissected out, post-fixed in 4% PFA for 24 hours, and then transferred to 20% (w/v) sucrose for 24 hours for cryoprotection. Pancreases were embedded with O.C.T. (optimal cutting temperature) embedding medium (Sakura Finetek USA Inc), and sectioned in the transverse plane at 30um on a cryostat. The pancreas sections were collected on Superfrost/Plus (Fisher Scientific) slides.
Immunohistochemistry
Tissue samples from control and chronic NButGT treated rats were processed according to a previous procedures (Shan et al., 2005) . Briefly, the pancreas sections were rinsed 3 times with 0.1M PBS containing 0.3% Triton X-100 (PBS-T) for 45 minutes. After blocking with 10% NGS and 2.5% bovine serum albumin (BSA) in PBS-T for 60 minutes, sections were incubated with primary antibodies at 4 C for 24 hours at the following dilutions: mouse anti-O-GlcNAc monoclonal IgM antibody at 1:500 (CTD 110.6, Covance), guinea pig anti-insulin polyclonal IgG antibody at 1:1000 (Dako). After washing 3 times with PBS-T, sections were incubated with secondary antibodies including donkey anti-mouse IgM conjugated with FITC and donkey anti-guinea pig-IgG conjugated with Cy3 (Jackson ImmunoResearch) for 90 minutes. Following a further 3 washes in PBS-T, the sections were coverslipped with Vectashield mounting medium with 4',6-diamidino-2-phenylindole (DAPI, stains nuclei) (Vector Laboratory Inc, USA). The stained sections were examined and imaged by Leica DM4000B fluorescent microscope equipped with Leica DFC 350 FC digital camera, and images were acquired and processed by Leica LAS system.
Hematoxylin Staining
Slides containing pancreas sections were rinsed 3 times with deionized distilled water, and incubated with Harris hematoxylin (Sigma, HHS-16) for 60 seconds. They were rinsed in running tap water to remove excess stain for 3-5 minutes to "blue" the sections. Then sections were dehydrated through an ascending alcohol bath series (70%, 95%, 100%, 1 min in each), cleared in xylene 2 times for 2 min each. Slides were coverslipped with Permount (Sigma), and air dried overnight.
Analysis of Ganglioside Levels
Brains were manually grinded into a fine powder. 100 mg of frozen brain powder was homogenized by a tissue homogenizer (Ultra Turrax, Ika) in 1 ml of water. The lysates were cleared by centrifugation at 17,000 rcf for 20 min. The lipids from this extract were extracted with 3.5 ml of chloroform methanol (2:1) in a similar manner as described previously (Stubbs et al., 2009; Yowler et al., 2002) . After lyophilization, the extracts were resuspended at 5 mg/mL in 2:1 chloroform methanol. Approximately 100 g (20 L) of extract was loaded per lane along with 1 μg mixture of GM1, GM2, and GM3 (Axxion) as standards onto a high performance TLC plate (Merck). The plate was run for one hour in a solvent system consisting of 55:45:10 chloroform/methanol/water (containing 0.2% CaCl 2 ). Following this, the plate was dried, lightly sprayed with resorcinol (80% concentrated HCl, 0.2% resorcinol, 0.25 mM CuSO 4 ), covered with a glass plate and incubated in an oven at 100 C for 20 minutes. For documentation, the plates were scanned on a Typhoon imager using an excitation wavelength of 523 nM and no emission filter. Densitometry was performed using ImageQuant (Molecular Dynamic).
